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ABSTRACT 
 
 
Ground improvement work is crucial in enhancing the characteristics of weak soils 
commonly encountered in Civil Engineering, and one such technique commonly used is 
vibro-stone columns.  An assessment of the effectiveness of such an approach is critical to 
determine whether the quality of the works meets the prescribed requirements.  
Conventional quality testing suffers limitations including: limited coverage (both area and 
depth) and problems with sampling quality.  Traditionally quality assurance measurements 
use laboratory and in-situ invasive and destructive tests.  However geophysical 
approaches, which are typically non-invasive and non-destructive, offer a method by 
which improvement profiles can be measured in a cost effective way. Of these seismic 
surface waves have proved the most useful to assess vibro-stone columns, however, to date 
much of the previous work conducted has focussed on field based observations making 
detailed evaluation of this approach difficult.   This study evaluates the application of 
surface waves in characterizing the properties of laterally heterogeneous soil, specifically 
for using in the quality control of vibro-stone column.  Three models were employed 
which began with a simple model and extended finally to complex model:  (1) concrete 
mortar was used to establish the method, equipment and its system, (2) pilot test on a small 
scale soft kaolin to adopt a model vibro-stone column and (3) main test contained a 
configuration of vibro-stone column in soft Oxford clay. A generic scaled-down model of 
vibro-stone column(s) was constructed.  Measurements were conducted using different 
arrays of column configuration, using sand to simulate stone material. This idealized set of 
laboratory conditions were used to provide guidelines for the interpretation of field 
measurements. The phase velocity obtained from the controlled tests showed close 
 iii 
agreement to those reported in literature and with those generated through empirical 
correlations with vane shear test.  The dispersive curve demonstrated an increased phase 
velocity with increasing wavelength for the measurements on the clay (between columns), 
and decreased phase velocity with increasing wavelength for the measurements on the 
column.  More interestingly, the results showed that in the characterization of lateral non-
homogeneities, the phase velocity versus wavelength relationship varies on stone columns 
of different diameters and densities.  This illustrated that the shear modulus profiles are 
influenced by the effective region that spans both the lateral and depth axes, and also 
demonstrated how the results can be influenced by the positioning of sensors with respect 
to the survey target.  This research demonstrates how Rayleigh waves can be used for 
quality assurance when constructing vibro-stone columns. 
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Chapter 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Introduction  
 
By necessity, construction developments are increasing in areas where the ground is 
generally of marginal quality.  As a result geotechnical engineers are being challenged to 
provide cost effective foundation solutions, which increasingly require modification of 
marginal ground by improvement techniques to improve the properties of the ground 
(Charles, 2002).  Ground improvement work is crucial in reducing the deformation of 
weak soils that may arise from loads imposed by civil engineering structures.  The 
efficiency and cost effectiveness require the selection of suitable technique(s) of ground 
improvement for the prevailing site conditions (Serridge and Synac, 2007).  
 
Generally ground improvement techniques are classified under a number heading.  For the 
purposes of this thesis these are: (1) the first densification, which includes both 
compaction and consolidation, together with reinforcement through stiffening columns, e.g. 
 2 
stone columns and (2) chemical, which includes additives such as lime and cements 
(Charles and Watts, 2002).  The third includes the general approach using reinforcement 
elements, which for this thesis is considered to be a separate and distinct group, not 
relevant to the work presented herein.  Densification through increased dry density 
treatment is normally suitable for gravelly, sandy and silty soils and consolidation used for 
clay soils.  Stiffening columns are suitable for all types of soils especially for deep softer 
layers and are often considered to act in a reinforcing way, even though they are conducted 
via densification methods.  It is for this reason that this approach is one of the most 
commonly used techniques globally (Charles and Watts, 2002).  This approach can 
provide an economic and environmental friendly form of ground improvement technique, 
which enables the ground to take loads from light structural foundations such as supporting 
foundations for low-rise housing, industrial developments, waste treatment plants and car 
parks (McKelvey et al., 2004).  
 
Each ground improvement method needs to take into account the types of improvement 
and the deficiencies that are to be remedied.  Thus, assessment of the effectiveness of 
ground improvement is critical to determine whether the quality of the works meets the 
prescribed requirements.  Therefore, measurement and evaluation of the engineering 
properties both before and after treatment is of practical importance (Terashi and Juran, 
2000).  The parameters that control the quality of the ground treatment can be measured 
using laboratory tests.  However, the process of sample retrieval required for laboratory 
testing often introduces additional difficulties associated with sample disturbance and the 
reliability of the sample as a representation of the entire site.  As a result, in situ field-
testing is often used as this overcomes the limitations presented by the soil sampling 
 3 
process.  Penetration testing, dynamic probing, field vane shear tests and loading tests are 
examples of conventional field-test techniques used for quality control testing.  In situ 
zone tests using large-scale loading are one of the best indicators to characterize the 
foundations on improved ground.  However, this method is time consuming and 
expensive.  Moreover, load tests may only demonstrate the stiffness of the upper layers of 
the ground, and may not give information on the characteristics of the underlying strata 
(Charles and Watts, 2002).   
 
One of the main parameter sets that can be used to predict ground deformation when 
loaded are the ground stiffness profiles (Matthews et al., 1996; Abbiss, 2001; Moxhay et 
al., 2008; Clayton, 2011).  In addition, structures are always designed to ensure that they 
perform far from failure and thus operate at small strain ground deformations.  Therefore, 
a sound knowledge of small strain stiffness is essential to make realistic predictions of 
deformation (Clayton, 2011).  Traditionally, the measurement of stiffness profile was 
carried out by using a combination of laboratory and in situ, invasive field tests.  However, 
geophysical methods, such as seismic surface wave, offer a non-intrusive and non-
destructive approach to carry out these measurements.  Moreover, geophysical approaches 
such as this provide a cost effective way to assess site conditions, while overcoming a key 
limitation of traditional investigative approaches.   
 
A comparison between geophysical seismic-based techniques and conventional 
geotechnical load-testing methods for the measurement of the ground stiffness profile were 
presented by Matthews et al. (1995) and Clayton (2011), drawing the conclusion that 
geophysical testing can deliver results of significant quality.  However, care is needed not 
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to overestimate what geophysics can achieve, by understanding geophysical techniques, in 
particular their limitations (Clayton et al., 1995).  Thus, geophysical assessment of any 
ground improvement must be carried out with physical soundings to ensure proper 
calibration and validation.  
 
Other geophysical techniques such as electrical resistivity, ground penetration radar and 
magnetism are useful imaging tools, but require significant skill, good knowledge on the 
geological model of the area and support from the borehole data to interpret the results 
(Crice, 2005).  For example, the resistivity of soils varies depending upon soil types and 
moisture content.  Soil resistivity is primarily controlled by the movement of charged ions 
in pore fluids.  Hence, salinity, porosity and fluid saturation tend to dominate electrical 
resistivity measurements (Giao et al., 2003).  Meanwhile, ground penetration radar has 
problems in obtaining deeper results when dealing with high conductivity material such as 
marine clays.  By contrast, seismic wave techniques, which depend on the modulus and 
density of the materials can be converted to very useful parameters for engineering 
purposes, such as elastic modulus, shear modulus and Poisson’s ratio.  
 
Seismic waves propagate in the form of body waves and surface waves, with the difference 
being that body waves are usually non-dispersive.  In a solid and homogeneous medium, 
the velocity of surface waves does not fluctuate significantly as a function of the distance 
propagated.  However, when the properties of the medium vary with depth, surface waves 
become dispersive such that the velocity of the propagation varies with respect to 
wavelength and frequency.  Surface waves are also relatively less attenuated as a function 
of propagation distance as compared to body waves.  These two characteristics make it 
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feasible to apply surface wave analysis for the survey of near-surface soil properties and 
thus in turn any changes to these properties that subsequently occur.  
 
The conventional surface wave technique using a single pair of receivers, yield one-
dimensional results of phase velocity versus depth.  To resolve unknown anomalies in a 
laterally heterogeneous medium, it is necessary to obtain a plot of the phase velocity 
versus depth as well as a function of lateral distance, and hence using multi-channel 
receivers is more suitable.  Such a method provides information with greater resolution in 
the lateral dimension and can therefore be used to obtain a qualitative assessment of the 
variability of geotechnical properties such as stiffness and strength.  This enables the 
detection of features such as voids, fractures and soft spots.  The implementation of this 
technique usually involves the deployment of an array of multiple receivers with the 
seismic source.  This has been successfully demonstrated by Phillips et al. (2004), Nasseri-
Moghaddam et al. (2005) and Xu and Butt (2006) for the detection of sub-surface cavities 
and Tallavo et al. (2009) for the detection of buried timber trestles.   
 
The phase velocities obtained from the surface wave technique will convert to shear wave 
velocities and thus a shear modulus profile along the tested section.  The cross-section of 
seismic wave velocities will show the lateral heterogeneities of soils due to the inclusion of 
columns.  The key difference in this study is the lateral heterogeneity due to the columns, 
while being relatively homogeneous with depth.  This study is aiming to evaluate seismic 
wave techniques for use in quality testing of stiffening columns.  The method of data 
processing is a means to success, allowing investigation of the subsurface velocity with 
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alternate changes of density over short distances.  In addition, seismic tests and physical 
tests will be calibrated for better understanding.  
 
1.2 Research Problem 
 
The theory developed for surface wave tests assumes a layered half space with horizontal, 
homogeneous and isotropic layers.  As a result, the majority of surface wave applications 
for civil engineering are for the characterisation of layered media.  In the past, the surface 
waves were used to evaluate the quality of stone column works laterally assuming a 
layered block consisting of soil and column to yield an average stiffness for both materials 
(Sutton and Snelling, 1998; Moxhay et al., 2001; Redgers et al., 2008).  For this study, the 
surface wave test is used for quality control, which aims to assess a stiffness profile of 
separate materials namely that of the soil, column and the interaction between them.  Thus, 
a better understanding of the seismic surface wave technique can be achieved in order to 
evaluate the stiffness profile and in particular its limitations.  In the majority of 
applications, the heterogeneous boundaries of the medium are not known a priori.  
However, in ground improvement applications, the locations of the soil stiffening columns 
are often known to a good degree of accuracy in the field.  The planning of the survey 
using this knowledge can reduce ambiguities and increase the accuracy and confidence in 
the measurement.  Therefore, a key distinction to this application is that the locations of 
the soil stiffening columns are usually known, and can thus be individually assessed.  
However, in the case where the column location is unknown such an approach still has the 
potential to assess the location and properties of such columns. 
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1.3 Research Aim and Objectives 
 
The aim of the study is to develop the most appropriate seismic surface wave method for 
attaining and utilizing data in order to investigate vertical and lateral shear modulus, and 
thus be able to evaluate the quality of ground improvement achieved when using vibro-
stone columns.  To achieve this aim of study, the following objectives were established: 
 to identify suitable seismic surface wave equipment for laboratory scale tests, 
 to develop a system for seismic surface wave testing in the laboratory, 
 using this to establish an optimal surface wave testing array for data acquisition to 
evaluate the individual columns and non-column material,  
 to identify a suitable data-processing technique in order to investigate both the 
spatial and vertical profiles of the phase velocity (shear modulus) in the vibro-stone 
column ground improvement, and, 
 to understand the effect of lateral heterogeneity due to column inclusion in relation 
to the seismic surface wave result and the quality of the vibro-stone column. 
 
The originalities of this research are as follows; 
i. The new testing equipment and system for the seismic surface wave tests at laboratory 
scale has been established (see Madun et al., 2010a). 
ii. The seismic surface wave test for obtaining the small strain stiffness profile of column 
and non-column material has never before been experimented at laboratory scale; therefore 
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this research utilised the technique to attain and understand the stiffness change in the 
vertical and lateral directions of the model stone column (see Madun et al., under review)  
iii. This research has introduced a seismic source-receiver array to obtain a higher quality 
of signal-to-noise ratio for reliably assessing the quality of stone columns. 
iv. This research has explained the influence of the column with respect to the dispersive 
curve (phase velocity profile). 
 
1.4 Outline of thesis 
 
Chapter 2 reviews the literature relating to the research, which includes literature on 
ground improvement, conventional testing methods, laboratory testing and the geophysical 
testing.  Chapter 3 reviews the literature relating to the use of geophysics, which includes 
a review on various geophysics methods and focusing on the seismic surface wave 
method.  Chapter 4 gives the initial testing method, which involved the development of 
equipment and its system for laboratory testing.  The seismic surface wave experimental 
work began with a concrete mortar model, which involved sample preparation, and 
development of the test equipment and measurement procedures.  Chapter 5 presents the 
results of the initial test conducted on the concrete mortar.  Chapter 6 presents the 
geotechnical properties of materials used in the stone column model and explains the 
seismic surface wave testing array for the stone column tests and the data processing 
techniques.  In Chapter 7, the test results are analyzed, compared to information from the 
literature and discussed in detail.  This is followed by Chapter 8, which discusses the 
results in relation to stone column interpretation.  Correlations are made between the 
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seismic wave results and physical test results.  Chapter 9 summarises the main 
conclusions from the present work.  It also details recommendations for future work based 
on the author’s experience, in the hope that further work will yield beneficial results.  A 
complete list of References is included and finally, Appendices of relevant topics is found 
at the end of the thesis.  
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Chapter 2 
 
 
 
 
 
GROUND IMPROVEMENT 
 
 
 
2.1 Introduction  
 
Ground improvement is used to avoid unacceptable movements, which may occur over the 
area of a proposed foundation; of particular concern is uneven soil movement.  Due to its 
importance, development of ground improvement techniques has been continuous over the 
past 30 years and with many new applications being introduced.  As a result, the 
assessment of the quality of the improvement achieved is vital especially as techniques 
become more sophisticated, to ensure key improvement targets and specifications are met. 
 
2.2 Ground Improvement Techniques 
 
Types of ground improvement can be classified in a number of ways.  This thesis 
concentrates on densification approaches due to their popularity and these include 
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compaction, consolidation methods and stiffening columns (Charles, 2002), as shown in 
Figure 2.1.  A number of the key ground improvement techniques aim to improve the 
bearing capacity, enhance settlement resistance, increase shear strength and, thus increase 
soil stiffness modulus.  A detailed explanation of the various ground improvement 
techniques is provided by CIRIA C572 (Charles and Watts, 2002) and C573 (Mitchell and 
Jardine, 2002) and summarised below (see Sections 2.2.1 to 2.2.3). 
 
 
Figure 2.1: Types of ground improvements using broad densification family of approaches 
(Charles and Watts, 2002). 
 
2.2.1 Densification 
 
Densification of the ground by mechanical means is called compaction.  Compaction of 
loose granular soils, heterogeneous soils, municipal wastes and liquefiable soils is 
common practice for increasing density and strength, hence reducing the volume of the 
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soil.  This prevents excessive settlement when the treated ground is vibrated or loaded 
(Raju and Sondermann, 2005). 
 
Improvement by compaction is suitable for soils that have larger particle sizes, such as 
gravel and sand, which allow excess pore water pressures generated during compaction to 
easily dissipate and, thus the soil grains can readily move closer together.  In contrast, 
compaction in clay is only effective for shallow depths due to water retention by the soil 
skeleton making fine grained soils difficult to compact.  Vibro-compaction is one such 
technique to densify coarse-grained soils (Charles and Watts, 2002).  The soils are 
densified by the use of a vibrating probe known as a vibroflot or poker (McCabe et al., 
2009).  The silt and clay fraction in the soil must be less than 15 to 20 % to achieve 
effectiveness from this method.  The vibro-compaction technique is capable of penetrating 
down to a depth of 65 metres; thus it is commonly applied in major infrastructure projects 
throughout the world (Raju and Sondermann, 2005).  Examples include The World and 
Palm Island projects off the Dubai coast (McCabe et al., 2009).  
 
Another densification technique is called dynamic compaction, which can be described as 
systematic tamping of the ground surface with a heavy weight dropped from a given 
height.  Materials for which this technique is suitable include loose fills, loose sand, waste 
and mine tailings, collapsible soils and fine grained soils (Terashi and Juran, 2000).  The 
final densification technique in this group includes rapid impact compaction (RIC), which 
uses energy from repeated blows; with compaction occurring as a result of a relatively 
high frequency generated from a hydraulic hammer through an anvil in a tamping foot 
resting directly on the ground.  In addition, high energy impact compaction (HEIC) can be 
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used, with densification occurring as a result of an eccentric roller being towed behind a 
moving vehicle.  However, both RIC and HEIC compact soils only to a few metres depth 
(Charles and Watts, 2002). 
 
Densification improvement also includes techniques that use consolidation.  The 
consolidation process mainly involves a combination of seepage developed due to changes 
in hydraulic gradients and changes in effective stress (Atkinson, 2007).  For ground that 
consists of fine-grained soils that have low strength and low permeability, long-term 
settlement will cause densification if loaded by structures.  Thus, these soils are expected 
to increase in strength and decrease in compressibility with time when loaded (Haegeman 
and Baertsoen, 2007).  Consolidation methods consist of pre-loading with a surcharge of 
fill or, if required accelerated by the installation of vertical drains.  In other situations, 
increasing the effective stress via lowering the ground water level will result in 
consolidation.  Generally, this technique can be divided into two categories, either increase 
in total stress via a vertical load added by surcharge on the top of permanent fill, or 
increase in effective stress via lowering the ground water level achieved via drainage or 
vacuum pre-loading (Mitchell and Jardine, 2002).  
 
2.2.2 Stiffening Columns 
 
This is a technique that involves the construction of a composite system of columns of 
substantially greater stiffness than the surrounding soil.  Two different types of columns 
are used to stiffen the ground: granular columns and admixture chemical columns.  The 
creation of the granular columns uses dynamic replacement, sometimes called vibro-
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replacement and also includes vibro-stone columns, formed by the replacement of soil with 
stronger stone materials (Charles, 2002).  For the purposes of this thesis these have been 
classed as a densification approach due to their method of installation using vibro-flot, 
used also with other densification approaches.  The admixture chemical stabilization 
column was developed in Japan in the 1970s.  This method uses mixing blades and 
chemical additives to create an in situ column of predetermined diameter and length 
(Terashi and Juran, 2000).  The main improvement mechanism with admixture 
stabilisation is via chemical reactions between the mixtures and the clay mineral, resulting 
in bonding of the soil particles and filling of the void spaces.  The influential factors are 
the characteristics of the hardening agent, the characteristics of the soil, the mixing 
conditions, and the curing conditions.  Hence, this approach has been classified separately 
from granular columns. 
 
2.2.3 Vibro-stone Columns 
 
The research repeated herein is primary aimed at examining the properties of vibro-
compaction and vibro-replacement granular columns.  This is because, firstly, the vibro 
technique is one of the world’s most widely used forms of ground improvement and, 
secondly, because of the advantages of vibro techniques, compared with traditional 
techniques using the replacement of unsuitable material, which are often impractical due to 
economic and environmental issues (McCabe et al., 2009).  Therefore, ground 
improvement using the vibro technique can be employed to overcome this difficulty.  The 
method has a proven record of success (Barksdale and Bachus, 1983) due to its capability 
to treat a wide range of weak soils from sand to clay.  
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For application to soil that consists of more than 85 % of coarse grained particles (larger 
than 63 m ) the technique known as the vibro-compaction column is used.  For fine 
grained soils, the vibro-granular column or vibro-replacement column is used.  However, 
the confining pressure provided by the surrounding weak soil greatly affects the bearing 
capacity of the stone columns.  Thus, it is not suitable for very soft soils or soils with high 
organic content, such as peat, which have very low undrained shear strengths were the 
lateral support may be too small (Raju and Sondermann, 2005).  Factors of three-
dimensional behaviour include: the behaviour of adjacent columns, the dilation of column 
material (Van Impe and Madhav, 1992) and the rapid increase in the soil shear strength 
due to the stone column drainage effect (Guetif, et al., 2007).).  This rapid increase effects 
have resulted in the vibro-granular technique being successfully applied in much softer 
soils (Raju and Hoffmann, 1996).  
 
Completed stone column projects indicate that most of the applications were on soils 
having an undrained shear strength around 30 kPa and only in a few cases was the strength 
below 15 kPa (McCabe et al., 2009).  For very soft soils, a technique of using geotextile 
coating around the column is used to obtain lateral support, thus avoiding lateral spreading 
of the column (Sondermann and Wehr, 2004).  In other cases, a sand layer is placed on top 
of the soft layer, which results in some consolidation and assists in providing lateral 
support to the columns at the top.  This has the added advantage of providing a safe 
working platform for the heavy equipment (Raju, 2002).  
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The vibro-granular columns typically consist of crushed rock or alternative material such 
as recycled materials, for example railway track ballast or crushed concrete (Serridge, 
2005).  The construction of granular columns within fine grained soils creates a composite 
soil mass, which has a greater average strength and stiffness, and lower compressibility 
than the untreated ground.  As a result vibro-granular columns have been successfully 
applied to improve slope stability, increase bearing capacity, reduce total and differential 
settlement, reduce the liquefaction potential of sand and increase the rate of settlement 
(Raju 2002; Raju and Yandamuri, 2010).  
 
The stiffness of the stone column is generated by the lateral stresses provided by the 
surrounding soil thus providing confinement of the stone column.  With ultimate vertical 
load, the failure mechanisms of single stone columns are typically as a result of relatively 
low lateral support in the upper soil layer causing a bulge to occur at the depth of 2 to 3 
column diameters (Barksdale and Bachus, 1983).  It can also be a result of the column toe 
being punched into the underlying soil, such as with ‘floating’ foundations. Bulging causes 
an increase in the lateral stress within the untreated soil (Sondermann and Wehr, 2004).  
 
The effect of stone column groups when loaded is to increase the ultimate load capacity of 
each of the single columns, resulting in less bulging compared with a single stone column.  
In the case of embankment, although strengthened by a group of stone columns, failure 
occurs due to the untreated soil outside the treatment zone, when the soils move laterally 
outward from the column area toward non-reinforced soil.  This phenomenon is called 
'spreading', which causes greater settlement (Tavenas et al., 1979).  
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There are many design methods for calculating settlement of stone columns such as the 
equilibrium method, Priebe’s method, the incremental method and the finite element 
method (FEM) (Barksdale and Bachus, 1983).  These methods used the extended unit cell 
concept, which has the same conditions of loading.  Priebe’s method is commonly used in 
Europe, where the application is relatively simple as the relevant settlement ratio depends 
on the number and diameter of the stone columns together with the treatment depth 
considered (Sondermann and Wehr, 2004).  The improvement factors are dependent on the 
angle of internal friction of the stone column, the ratio of the stone column area and the 
area being treated by the column material.  The improvement factor indicates how many 
times the compression modulus increases for a grid of stone columns and to what extent 
the settlement will be reduced.  However, there is still no acceptable design method, which 
can adequately account for all mechanisms that are part of the load transfer process 
(McKelvey et al., 2004).  Therefore, the use of simulation calculations by the FEM to 
determine the stress-deformation behaviour are recommended in the design phase (Kirsch, 
2009).  In addition, a trial column using load tests is highly recommended before execution 
of ground improvement projects to ensure an effective design (Terashi and Juran, 2000). 
 
The vibro-replacement method consists of two approaches: the dry displacement method 
for soil that has low water content and the wet method for high water content.  Currently, 
for the dry method vibrators are used to produce vibro-stone columns in fine grained soils 
that must be able to hold the form of the entire cavity after the vibrator has been removed.  
This allows for the subsequent repeated delivery and compaction of stone column material 
to proceed without any obstruction.  The compressed air from the vibrator tip does not 
only flush out the drilled product but also prevents the drill-holes collapsing.  For the wet 
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method, the use of a strong water jet injects water under high pressure to flush out 
loosened soil and mud rises to the surface.  As a result, the cylindrical drill-holes are 
temporarily stable.  The cavity is then filled and compacted in stages by repetitive use of 
the vibrator (Raju and Sondermann, 2005).  However, the wet method is less commonly 
used in recent years due to environmental issue.  Recently dry top feed or bottom feed 
approach of installation have been used.  Figure 2.2 shows the dry process of stone column 
installation using both approaches. 
 
 
Figure 2.2: Stone column installation methods (a) the top and (b) the bottom feed of stone 
respectively (Raju et al., 2004). 
 
Uncertainties emerge at most of the stages of ground improvement.  They could arise from 
the choice of the ground improvement technique, which involves identifying soil 
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properties as part of building the soil model.  In the design stage of a stone column, 
uncertainty is involved in the design assumption of estimating the quantities of settlement 
that will occur.  The process of constructing the vibro-stone columns involves issues 
relating to the ground, people and mechanics such as discrepancies in soil model, lack of 
adequate site supervision, inexperienced contractors and ineffective machinery, which 
could affect the quality of the vibro-stone column.  Therefore, quality control is needed to 
ensure the design objectives are achievable. 
 
2.3 Quality Control 
 
In parallel with the development of new techniques of ground improvement, quality 
control has been developed significantly since the 1970s (Mitchell and Jardine, 2002).  
Quality control is important to ensure improvements are designed and produced to meet or 
exceed customer requirements.  Quality control tests similar to site investigation tests are 
commonly used to verify the quality of works.  
 
More recently, geophysical techniques have been applied in quality control tests thus 
enabling assessment of a greater area of improved soil.  The application of geophysical 
techniques has been steadily growing in civil engineering studies due to the development 
of new geophysical testing equipment and analysis software.  This has led to an increased 
number of field testing techniques using geophysics.  Geophysical testing has significant 
advantages including being relatively rapid to undertake (and so more cost effective), 
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being non-destructive and providing representative values of soil parameters over a 
relatively large area (Butcher and Powell, 1995). 
 
The quality and performance of the ground treatment methods are controlled by many 
factors, such as the accuracy of original soil data, precision of design tools, quality of 
materials used, employees' experience, construction schedule and weather (Terashi and 
Juran, 2000).  Quality control needs appropriate specification and adequate supervision for 
success.  Testing should be conducted at different times, including preferably before 
treatment, during treatment and after treatment, to understand the behaviour pre- and post-
treatment.   
 
Before treatment, site investigation is used to identify the ground engineering properties, 
such as load-carrying characteristics, typically using laboratory tests, in situ field tests, 
geophysical tests or some combination of these.  In addition, when construction takes 
place, inspection by experienced personnel assisted by electronic devices fitted on the 
plant used in the improvement process, is commonly employed nowadays (Terashi and 
Juran, 2000).  This enables the position, depths, quantities, feed rates, withdrawal and 
compaction times, for example, to be measured directly and allows indirect correlations to 
a ground’s response to be determined.  Post-treatment testing methods are used to assess 
the effectiveness of any works.  Monitoring of ground improvement may be continued 
even after the completion using settlement markers, multilevel settlement gauges and pore 
water pressure monitoring to obtain the necessary information for future maintenance work 
(Silva, 2005; Chu and Yan, 2005).  These stages of quality control are conducted through 
laboratory tests and in situ field tests. 
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2.3.1 Laboratory Tests 
 
In laboratory testing, samples are examined according to parameters used in the design to 
see whether the parameters fulfil the design criteria.  Laboratory testing involves retrieving 
soil samples from the field.  An important geotechnical parameters for predicting the soil 
deformation is stiffness, traditionally determined using various types geotechnical 
apparatus, including unconfined compression tests, triaxial compression tests, bender 
elements or the resonant column.  
 
The unconfined compression test and triaxial compression test are destructive tests and 
usually used for fine grained soils.  The triaxial compression test tends to produce more 
usable values of soil stiffness modulus since the confining pressure stiffens the soil so that 
a small strain modulus can be obtained (Abdrabbo and Gaaver, 2002).   
 
The bender elements and resonant column tests are increasingly used in the laboratory.  
Both tests are performed using reconstituted specimens, which have similar soil properties 
to the improved soil.  The bender elements system allows measurement of very small 
strain stiffness modulus, Gmax, by measuring the velocity of shear wave transmission 
through a test specimen as described by Hooker (2002) and Clayton (2011).  The bender 
element uses a piezoelectric strip as a transmitter and receiver at both ends of a test 
specimen.  The transmitter piezoelectric strip is connected to a waveform generator and 
recorded by a receiver piezoelectric strip via an oscilloscope.  The shear wave can be used 
to calculate the value of Gmax.  To improve the reliability and repeatability of results, 
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Clayton et al. (2004) increased the number of receivers along the side of a sample as 
shown in Figure 2.3, therefore measuring the coherence of the received signals via cross-
correlation.  This enables the signal-to-noise quality to be measured as a function of 
frequency, thus reliability data can be assessed.  
 
 
Figure 2.3: Layout of bender elements, and instrumentation, using multiple receivers to 
increase their reliability and repeatability (Clayton et al., 2004).  Note: R represents 
receivers and T transmitters.  
 
The resonant column testing is similar to the bender element method and measures Gmax 
for a cylindrical test specimen.  One end of the test specimen is fixed and the other end is 
excited with a very small, sinusoidal, rotational displacement.  Excitation is swept through 
a range of frequencies to identify the frequency at which resonance occurs.  From the 
information about the specimen and the resonant frequency, the value of the wave 
propagation velocity can be derived and Gmax calculated (Hooker, 2002).  
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As the stiffness modulus is a function of strain (Atkinson, 2007), the laboratory destructive 
tests always gives the lower bound of soil stiffness modulus compared with laboratory 
non-destructive tests at upper bound.  This occurs due to the different strain level of 
measurement (see Chapter 3, Figure 3.8 and Section 3.5 for more details).  In laboratory 
destructive tests, the unconfined compression test tends to give conservative values of soil 
stiffness modulus, where the stiffness modulus value is relatively small compared with the 
triaxial test.  Meanwhile, both laboratory non-destructive tests give maximum stiffness 
modulus values. 
 
2.3.2 In situ Field Tests 
 
In situ field testing enables larger volumes of soil to be tested and so tends to be more 
representative of the soil mass compared with laboratory testing.  In situ field tests have an 
advantage as samples do not need to be retrieved.  For very soft clays, sands and gravels, 
sampling is a major problem because these materials easily change their soil structure and, 
as a result, produce disturbed samples.  Good correlations have been produced between 
field tests and laboratory tests, which has led to acceptance of field techniques (Charles 
and Watt, 2002).  For example, there was a correlation between the undrained shear 
strength obtained from the laboratory test on undisturbed clay samples and the cone 
resistance (qc) from the cone penetration test (CPT) which was carried out in the field 
(Das, 2007).  Of the range of in situ tests, penetration testing, dynamic probing, 
pressuremeter testing, field vane shear testing, plate loading testing and geophysical testing 
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are used for quality control; with these tests being similar to those used in conventional site 
investigations.  On occasions, some have been modified specifically for quality control 
testing within ground improvements begs the question what modifications.  Table 2.1 
summarises the field tests used for evaluating stabilised soils (Hosoya et al., 1996).   
 
The selection of the types of quality control tests to be used is highly dependent on the cost 
and effectiveness of testing (Clayton et al., 1995; Charles and Watts, 2002).  Comparison 
between laboratory and in situ field test results by Bowles (1996) indicated that the soil 
stiffness modulus, which was measured in the in situ field test, was found to be 4 to 13 
times greater than that obtained from the unconfined compression test and about 1 to 1.5 
times that obtained from the triaxial undrained test.  Some field quality control tests are 
considered as destructive tests, which involve preliminary works such as drilling or 
inserting instruments into the ground.  The results from the field tests can be empirically 
correlated with the parameters, which control mass behaviour (BSI, 2005).  For example, 
pressuremeter test results and penetration resistances are indicators of density.  These 
empirical correlation relationships can be used to estimate other parameters such as shear 
strength, compressibility and stiffness (Mitchell and Jardine, 2002).  A field vane shear test 
can be used for clayey soil, which directly measures the shear strength of the soil.  
 
 
 
 
 
 
 
 
 226 
REFERENCES 
Abbiss C.P (2001). Deformation of landfill from measurements of shear wave velocity and 
damping. Geotechnique, 51(6): 483-492. 
 
Abbiss C.P. (1983) Calculation of elasticities and settlements for long periods of time and 
high strains from seismic measurements. Géotechnique,  33(4): 397-405. 
 
Abbiss, C.P. (1981) Shear wave measurements of the elasticity of the ground. 
Géotechnique, 31(1): 91-104. 
 
Abdrabbo, F.M. and Gaaver, K.E. (2002) “Interpretation of plate loading tests on granular 
soils.” In 4th International Conference on Ground Improvement Techniques, Kuala 
Lumpur, Malaysia, 26-28 March 2002. pp 171-178. 
 
Abu-Hassanein, Z.S., Benson, C.H. and Blotz, L.R. (1996) Electrical resistivity of 
compacted clay. Journal of Geotechnical Engineering, ASCE, 122(5):397-406. 
 
Adam, D., Brandl, H. and Kopf, F. et al. (2007) Heavy tamping integrated dynamic 
compaction control. Ground Improvement, 11 (4): 237–243. 
 
Addo, K.O. and Robertson, P.K. (1992) Shear-wave velocity measurement of soils using 
Rayleigh waves. Canadian Geotechnical Journal, 29(4): 558-568. 
 
Al-Hunaidi M.O. (1993) Insight on the SASW non-destructive testing method. Canadian 
Geotechnical Journal, 20: 940–950. 
 
Arulanandan, K and Muraleetharan, K (1988) Level ground soil-liquefaction analysis 
using in-situ properties. Journal Geotechnical Engineering ASCE, 114(7): 753-770 
 
Asaka, Y and Abe, T. (2011) Non-destructive technique for assessing cement-treated 
ground. Ground Improvement, 164 (G13): 179–187. 
 
ASM International. (1993) ASM Metals Reference Book, 3rd edition. Bauccio, M.L. (ed.). 
USA: ASM International. 
 
Atkinson, J. (2007) The mechanics of soils and foundations. 2nd edition. Oxon: Taylor 
and Francis. 
 
Ballard, R.F. and Mclean, F.G. (1975) “Seismic field methods for in-situ moduli.” In 
Proceeding Conference on in situ Measurement of Soil Properties. Special 
Conference Geotechnical Engineering Division ASCE, 1975, Raleigh, North Carolina, 
1: 121-150. 
 
Barksdale, R.D and Bachus, R.C. (1983) Design and construction of stone columns, Vol.1. 
Report No. FHWA/RD-83/026, NTIS, Virginia, USA. 
 227 
Bowles, J.W. (1996) Foundation analysis and design. 5th edition. New York: McGraw-
Hill. 
 
BSI (1990) Methods of Test for Soils for Civil Engineering Purposes BS1377. London: 
British Standards Institution. 
 
BSI (2005) Group treatment by deep vibration. EN 14731: Execution of special 
geotechnical works. London: British Standards Institution. 
 
Butcher, A.P. and Powell J.J.M. (1995) “Practical considerations for field geophysical 
techniques used to assess ground stiffness.” In Craig, C. (ed) Advances in site 
investigation practice. London: Thomas Telford. pp. 701-714. 
 
Cascante, G., Najjaran, H. and Crespi, P. (2008) Novel methodology for nondestructive 
evaluation of brick walls: fuzzy logic analysis of masw tests. Journal of Infrastructure 
Systems, 14(2): 117–128. 
 
Cassidy, N.J. (2007) “Frequency-dependent attenuation and velocity characteristics of 
magnetically lossy materials.” In IEEE Proceedings of the 4th International Workshop 
on Advanced Ground Penetrating Radar, Naples, pp. 142–146. 
 
Cassidy, N.J. and Millington, T.M. (2009) The application of finite-difference time-
domain modelling for the assessment of GPR in magnetically lossy materials. Journal of 
Applied Geophysics, 67 (2009): 296-308.  
 
Chan C.M. (2006) A laboratory investigation of shear wave velocity in stabilized soft 
soils. PhD thesis, University of Sheffield. 
 
Charles, J.A. (2002) Ground improvement: the interaction of engineering science and 
experience-based technology. Géotechnique, 52 (7): 527-532. 
 
Charles, J.A. and Watts, K.S. (2002) Treated ground engineering properties and 
performance. London: Construction Industry Research and Information Association, 
ClRlA C572.  
 
Chu, J. and Yan, S.W.  (2005) “Implementation Application of the vacuum preloading 
method in soil improvement projects.” In Ground Improvement: case histories. Elsevier 
Geo-engineering book series vol 3, pp. 91-117. 
 
Clayton, C.R.I. (2011) Stiffness at small strain: research and practice. Géotechnique, 61 
(1): 5-37. 
 
Clayton, C.R.I., Gordon, M.A., and Matthews, M.C. (1994) “Measurements of stiffness of 
soils and weak rocks using small strain laboratory testing and geophysics.” In: Craig, C. 
(ed.) Proceedings of an International Symposium on Pre-failure Deformation 
Characteristics of Geomaterials. Rotterdam, Balkema. pp. 229-234. 
 
 
 228 
Clayton, C.R.I., Matthews, M.C. and Simons, N.E.  (1995) Site Investigation. 2nd edition. 
London: Blackwell Science Ltd.  
 
Clayton, C.R.I., Theron, M. and Best, A.I. (2004) The measurement of vertical shear-wave 
velocity using side-mounted bender elements in the triaxial apparatus. Géotechnique, 54 
(7): 495–498. 
 
Cosenza, P., Marmet, E., Rejiba F., Cui, Y.J., Tabbagh, A. and Charlery, Y. (2006) 
Correlations between geotechnical and electrical data: A case study at Garchy in France. 
Journal of Applied Geophysics, 60 (2006): 165–178. 
 
Crice, D. (2005) MASW: the wave of the future. Journal of Environmental and 
Engineering Geophysics, 10(2): 77–79. 
 
Crocco, L., Prisco, G., Soldovieri, F. and Cassidy, N.J. (2009) Early-stage leaking pipes 
GPR monitoring via microwave tomographic inversion. Journal of Applied Geophysics, 
67: 270–277. 
 
Cuellar, V. and Valerio, J. (1997) “Use of the SASW method to evaluate soil improvement 
techniques.” In 14th International conference, Hamburg: Balkema, pp. 461-464. 
 
Cuellar, V. (1997) “Geotechnical applications of the spectral analysis of surface waves.” 
In: McCann, D.M., Eddleston, M., Fenning, P.J. and Reeves, G.M. (ed) Modern 
Geophysics in Engineering Geology, Geological Society Engineering Geology Special 
Publication No. 12, pp. 53-62. 
 
Daniels, D.J., Gunton, D.J., Scott, H.F. (1988) Introduction to subsurface radar. IEEE 
Proceedings, 135: 278 320. 
 
Das, B.M. (2007) Principle of Foundation Enginnering, 7th edition. Stamford: Cengage 
Learning. 
 
Fam, M. and Santamarina, J.C. (1997) A study of consolidation using mechanical and 
electromagnetic waves. Géotechnique, 47(2): 203-219. 
 
Forbriger, T. (2003) Inversion of shallow-seismic wavefields: II. Inferring subsurface 
properties from wavefield transforms. Geophysical Journal International, 153(3): 735– 
752.  
 
Foti, S. and Butcher, A.P. (2004) “General report: Geophysical method applied to 
geotechnical engineering.” In: da Fonseca, A.V. and Mayne, P.W. (ed) Proceeding ISC-2 
on Geotechnical and Geophysical Site Characterisation, Vol 1, Rotterdam: Millpress, 
pp. 409-418. 
 
Ganji, V., Gucunski, N., and Maher, A. (1997) Detection of underground obstacles by 
sasw method- numerical aspects. Journal of Geotechnical and Geoenvironmental 
Engineering, ASCE, 123(3): 212-219. 
 
 229 
Garcia-Bengochea, I., Lovell, C. and Altschaeffl (1979) Pore Distribution and permeability 
of silty clay. Journal of Geotechnical Engineering, ASCE, 105 (7): 839-856.  
 
Giao P.H., Chung S.G., Kim D.Y., and Tanaka, H. (2003) Electric imaging and laboratory 
testing for geotechnical investigation of Pusan clay deposits. Journal of Applied 
Geophysics, 52 (2003): 157-175.  
 
Gordon, M.A., Clayton, C.R.I., Thomas, T.C. and Matthews, M.C. (1996) “The selection 
in interpretation of seismic geophysical methods for site investigation.” In: Craig, C. (ed) 
Advances in site investigation practice. London: Thomas Telford. pp. 727-738. 
 
Graff, K. (1991) Wave motion in elastic solids, New York: Dover publications Inc. 
 
Greenhalgh, S. (2010) Personal communication. 
 
Greenwood, D.A. (1970) Mechanical improvement of soils below ground surface. 
Proceeding of the Ground Engineering Conference, Institution of Civil Engineers, June 11-
12. 
 
Guetif, Z., Bouassida, M. and Debats, J.M. (2007) Improved soft clay characteristics due 
to stone column installation. Computers and Geotechnics, 34: 104–111. 
 
Haegeman, W And Baertsoen, A. (2007) Evaluation of a preloading consolidation: a case 
Study. Ground Improvement, 6 (4): 169–173. 
 
Haskell, N.A. (1953) The dispersion of subsurface waves on multilayered media. Bull. 
Seismological Soc. America, 43(1), 17-34. 
 
Head, K.H. (1980) Manual of soil laboratory testing. Volume l: Soil classification and 
compaction tests. London: Pentech Press. 
 
Heisey, J.S., Stokoe, K.H., and Meyer, A.H. (1982) “Moduli of pavement systems from 
spectral analysis of surface waves.” In Strength and deformation characteristics of 
pavements. Transportation Research Record 852, Transportation Research Board, 
National Research Council, Washington, D.C., pp. 22–31. 
 
Heukolom W. and Foster C.R. (1962) Dynamic testing of pavements. Trans. ASCE, 127: 
425-456. 
 
Hooker, P (2002) Measure for measure. Article featured in ground engineering magazine, 
Oct. 2002. 
 
Hosoya, Y., Ogino, T., Nasu, T., Kohata, Y., Hibi, Y. and Makihara, Y. (1996). “Japanese 
Geotechnical Society Technical Report- An evaluation of strength of soils improved by 
DMM.” In Proceedings of the 2nd. International Conference on Ground Improvement 
Geosystems, Tokyo, Japan, Vol. 2, pp. 919-924. 
 
 
 230 
Hu, W. (1995) Physical modelling of group behaviour of stone column foundations. 
PhD thesis, University of Glasgow. 
 
Ifeachor E.C. and Jervis B.W. (1993) Digital signal processing: a practical approach.  
Addison: Wesley Publishing, 184-191. 
 
Jefferson, I., O’Hara-Dhand, K.A. and Serridge, C.J. (2008) “Assessment of the ground 
improvement of problematical soils.” In Proc. of 3rd Int. Conf. on Site 
Characterization.  Taipei, Taiwan April 2008, Expanded Abstracts. 
 
John, U.E. (2011) Chemical performance of cement stabilised contaminated clay. PhD 
thesis, University of Birmingham. 
 
Jones, R. (1958) In-situ measurements of the dynamic properties of soil by vibration 
methods. Géotechnique, 8(1): 1–21. 
 
Keller, G. and Frischknecht, F. (1966) Electrical methods in geophysical propecting. 
New York: Pergamon Press. 
 
Khan, Z., Majid, A., Cascante, G., Hutchinson, D.J. and Pezeshkpour, P. (2006) 
Characterization of a cemented sand with the pulse-velocity method. Canadian 
Geotechnical Journal, 43(3): 294-309. 
 
Kim, D.S. and Park, H.C. (1999) Evaluation of ground densification using spectral 
analysis of surface waves (SASW) and resonant column (RC) tests. Canadian 
Geotechnical Journal, 36: 291-299. 
 
Kirsch, F. (2009) Geotechnics of Soft Soils: Focus on Ground Improvement. In Karstunen, 
M and Leoni, M. (eds) Proceedings of the 2nd International Workshop on Geotechnics 
of Soft Soils, Glasgow, Scotland, 3 - 5 September 2008. London: Taylor & Francis, pp 
241–247. 
 
Kitazume, M. (2005) “State of Practice Reports: Field and laboratory investigations, 
properties of binders and stabilised soils.” In Proceedings of the International 
Conference on Deep Mixing Best Practice and Recent Advances, Stockholm, Sweden, 
Vol. 2, pp. 660-684. 
 
Landon, M.M., DeGroot, D.J., and Sheahan, T.C. (2007) Sample quality assessment using 
shear wave velocity for a marine clay. Journal of Geotechnical and Geoenvironmental 
Engineering, ASCE, 133(4): 424-432. 
 
Lankston, R.W. (1990) “High-resolution refraction seismic data acquisition and 
interpretation.” In Ward, S.H. (ed) Investigations in Geophysics no. 5, Volume 1: 
Review and Tutorial. Oklahoma: Society of Exploration Geophysicists. pp. 1-30. 
 
Lee, L. (2001) Soil-pile interaction of bored and case in-situ piles. PhD Thesis,  
University of Birmingham. 
 
 231 
Long, M. and Donohue, S. (2007) In situ shear wave velocity from multichannel analysis 
of surface waves (MASW) tests at eight Norwegian research sites. Canadian 
Geotechnical Journal, 44: 533–544.  
 
Luke, B. (1999) Site investigations function better with seismic waves. IEEE Potentials, 
18(1), Feb.-March 1999: 33-35. 
 
Luna, R. and Jadi, H. (2000) “Determination of dynamic soil properties using geophysical 
methods.” In Proceedings of the First International Conference on the Application of 
Geophysical and NDT Methodologies to Transportation Facilities and Infrastructure, 
St. Louis, December 2000, pp. 1-15. 
 
Madhyannapu, R. S., Puppala, A.J., Nazarian, S. and Yuan, D. (2010) Quality assessment 
and quality control of deep soil mixing construction for stabilizing expansive subsoils. 
Journal of Geotechnical and Geoenvironmental Engineering, 136(1): 119–128. 
 
Madun, A., Jefferson, I., Chapman, D.N., Culshaw, M.G., Foo K.Y. and Atkins, P.R. 
(2010a) Evaluation of the multi-channel surface wave analysis approach for the monitoring 
of multiple soil-stiffening columns. Near Surface Geophysics, 8(6): 611-621. 
 
Madun, A., Jefferson, I., Foo K.Y., Chapman, D.N., Culshaw, M.G. and Atkins, P.R. 
Characterization and quality control of stone columns using surface waves testing. 
Canadian Geotechnical Journal (under review). 
 
Madun, A., Jefferson, I., Foo, K.Y., Atkins, P.R., Chapman, D.N. and Culshaw, M. 
(2010b) “Robust weighted-mean approach for the evaluation of ground improvement 
columns using surface wave analysis.” In 16th European Meeting of Environmental 
and Engineering Geophysics, Zurich, 6 - 8 September 2010 (in CD-ROM, ISBN 978-
90-73781-88-7 EAGE 2010). 
 
Massarsch K.R. (2005) “Deformation properties of stabilized soil columns.” In 
Proceedings International Conference on Deep Mixing, Stockhom, 23 - 25 May 2005.  
 
Matthews M.C., Hope V.S. and Clayton C.R.I. (1995) The geotechnical value of ground 
stiffness determined using seismic methods. Geological Society, London, Engineering 
Geology Special Publications, 12: 113-123. 
 
Matthews, M.C.  Hope, Y.S. and Clayton, C.R.I. (1996) The use of surface waves in the 
determination of ground stiffness profiles. Proceedings of the Institution of Civil 
Engineers Geotechnical Engineering, 119: 84-95. 
 
Matthews, M.C., Clayton, C.R.I. and Own, Y. (2000) The use of field geophysical 
techniques to determine geotechnical stiffness parameters. Proceedings of the Institution 
of Civil Engineers Geotechnical Engineering, 143: 31-42. 
 
Mattsson, H., Larsson, R., Holm, G., Dannewitz, N. and Eriksson, H. (2005) “Down-hole 
technique improves quality control on dry mix columns.” In Proceedings of the 
International Conference on Deep Mixing Best Practice and Recent Advances, 
 232 
Stockholm, Sweden, Vol. 1, pp. 581-592. 
 
McCabe, B.A., Nimmons, G.J. and Egan, D. (2009) A review of field performance of 
stone columns in soft soils. Proceedings of Institution of Civil Engineers, Geotechnical 
Engineering, 162(6): 323-334. 
 
McDowell, P.W., Barker, R.D. and Butcher, A.P., et al. (2002) Geophysics in 
engineering investigations. London: Construction Industry Research and Information 
Association, ClRlA C562. 
 
McKelvey, D., Sivakumar, V., Bell, A. and Graham, J. (2004) Modelling vibrated stone 
columns in soft clay. Proceedings of the Institution of Civil Engineers Geotechnical 
Engineering, 157(3): 137–149. 
 
Menzies B.K. (2001) “Near-surface site characterisation by ground stiffness profiling 
using surface wave geophysics.” In Instrumentation in Geotechnical Engineering (eds 
K.R. Saxena and V.M. Sharma), H.C.Verma Commemorative Volume, 43-71. Oxford & 
IBH Publishing Co. Pvt. Ltd., New Delhi, Calcultta.  
 
Menzies, B. and Matthews, M. (1996) “The continuous surface-wave system: A modern 
technique for site investigation.” In Special lecture: Indian Geotechnical Conference 
Madras, December 11-14th 1996. 
 
Mitchell, J.M. and Jardine, F.M. (2002) A guide to ground treatment. London: 
Construction Industry Research and Information Association, ClRlA C573. 
 
Mitchell, J.K. and Soga, K (2005) Fundamentals of soil behaviour, 3rd edition. New 
Jersey: John Wiley & Sons. 
 
Moxhay, A.L., Tinsley, R.D. and Sutton J.A. (2001) Monitoring of soil stiffness during 
ground improvement using seismic surface waves. Ground Engineering Magazine, 
January: 34-37. 
 
Moxhay, A.L., Tinsley, R.D., Redgers, J.D. and Gravell, D.C. (2008) The prediction of 
ground settlement from continuous surface wave data. Ground Engineering Magazine, 
July: 34-38. 
 
Nasseri-Moghaddam, A. (2006) Study of the effect of lateral inhomogeneties on the 
propagation of Rayleigh waves in an elastic medium. PhD thesis, University of 
Waterloo. 
 
Nasseri-Moghaddam, A., Cascante, G. and Hutchinson, J. (2005) A new quantitative 
procedure to determine the location and embedment depth of a void using surface waves. 
Journal Environment and Engineering Geophysics, 10(1): 29-37. 
 
Nasseri-Moghaddam, A., Cascante, G., Phillips, C. et al. (2007) Effects of underground 
cavities on Rayleigh waves—Field and numerical experiments. Soil Dynamics and 
Earthquake Engineering, 27 (2007): 300–313. 
 233 
 
Omar, M.N., Abbiss, C.P., Taha, M.R. and Mohd Nayan, K.A. (2010) “Prediction of long-
term settlement of soft clay using the continuous surface wave method and damping 
measurement.” In 8th International Conference in Geotechnical and Transportation 
Geotropika 2010, Sabah 1-3 December 2010. 
 
Park, C.B., Miller, R.D. and Xia, J. (2007) Multichannel Analysis Of Surface Waves 
(MASW)-Active And Passive Methods. The Leading Edge, January 2007, 60-64. 
 
Park, C.B., Xia, J. and Miller, R.D. (1998) “Surface waves as a tool to image near-surface 
anomaly.” In 68th Ann. Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, pp. 
874–877. 
 
Park, C.B., Miller, R.D., and Xia, J. (1999) Multichannel analysis of surface waves. 
Geophysics, 64(3): 800-808. 
 
Park, C.B., Miller, R.D., Ryden, N., Xia, J., and Ivanov, J., (2005) Combined use of active 
and passive surface waves. Journal of Engineering and Environmental Geophysics, 10 
(3): 323-334. 
 
Phillips, C., Cascante, G. and Hutchinson, D.J. (2004) Evaluation of horizontal 
homogeneity of geomaterials with the distance analysis of surface waves. Canadian 
Geotechnical Journal, 41(2004): 212–226.  
 
Priebe, H.J. (1995) The design of vibro replacement. Ground Engineering, 28(10): 31–
37. 
 
Raju, V.R. (2002) “Vibro replacement for high earth embankments and bridge abutment 
slopes in Putrajaya, Malaysia.” In 4th International Conference on Ground 
Improvement Techniques, Malaysia, 26 – 28 March 2002, pp. 607–614. 
 
Raju, V.R. and Hoffmann, G. (1996) “Treatment of tin mine tailings in Kuala Lumpur 
using vibro replacement.” In Proc. 12th Southeast Asian Geotechnical Conference, 
Kuala Lumpur, Malaysia. 
 
Raju, V.R. and Sondermann, W. (2005) “Ground improvement using deep vibro 
techniques.” In Ground Improvement: case histories. Elsevier Geo-engineering book 
series vol 3, pp 601-638. 
 
Raju, V.R. and Yandamuri, H.K. (2010) Ground improvement for infrastructure projects in 
Malaysia. Proceedings of the Institution of Civil Engineers Ground Improvement, 163 
(GI4): 251–263.  
 
Raju, V.R., Wegner, R. and Hari Krishna, Y. (2004) “Ground improvement using vibro 
replacement in Asia 1994 to 2004 - A 10 year review.” In 5th International Conference 
on Ground Improvement Techniques, Kuala Lumpur, March 2004. 
 
 
 234 
Rayhani, M.H.T. and El Naggar, M.H. (2007) Centrifuge modeling of seismic response of 
layered soft clay. Bulletin of Earthquake Engineering, 5: 571–589. 
 
Rayhani, M.H.T. and El Naggar, M.H. (2008) Numerical modeling of seismic response of 
rigid foundation on soft soil. International Journal of Geomechanics, 8(6): 336–346. 
 
Redges, J.D., Moxhay, A.L., Ghataora, G.S. and Jefferson, I. (2008) “Case histories of 
settlement performance comparisons on ground improvements using stiffness, seismic 
waves and traditional methods.” In Proc. 6th International Conference on Case 
Histories in Geotechnical Engineering, Arlington, VA, 11-16 August 2008, Expanded 
Abstracts. 
 
Reynolds, J.M. (1997) An introduction to applied and environmental geophysics. John 
Wiley & Sons. 
 
Rhazi, J., Hassaim, M., Ballivy, G. and Hunaidi, O. (2002) Effects of concrete non-
homogeneity on Rayleigh waves dispersion. Magazine of Concrete Research, 2002, 54, 
No. 3, June, 193–201. 
 
Richart, F.E., Wood, R.D., Hall, J.R. (1970) Vibration of soils and foundations. New 
Jersey: Prentice-Hall. 
 
Roy, D.R.N. (2010) Continuous surface wave testing of vibro-stonecolumn ground 
improvement. MSc thesis, University of Birmingham. 
 
Serridge, C.J. (2005) Achieving sustainability in vibro-stonecolumn techniques. 
Proceedings of the Institution of Civil Engineers – Engineering Sustainability, 158(4): 
211–222. 
 
Serridge, C.J. and Synac, O. (2007) Ground improvement solutions for motorway 
widening schemes and new highway embankment construction over soft ground. Ground 
Improvement, 11(4): 219-228. 
 
Sheriff, R.E. and Geldart, L.P. (1982) Exploration seismology, volume 1. Cambridge 
University Press. 
 
Sheriff, R.E. and Geldart, L.P. (1995) Exploration seismology. 2nd edition. New York: 
Cambridge University Press. 
 
Shibuya, S. and Tanaka, H. (1996) Estimate of elastic shear modulus in Holocene soil 
deposits. Soil Fdns, 36(4): 45-55. 
 
Shibuya, S., Mitachi, T. and Yamashita, S. et al. (1995) “Recent Japanese practice for 
investigation elastic stiffness of ground.” In Craig, C. Advances in site investigation 
practice. London: Thomas Telford. pp. 875-886. 
 
Shrivastava A.K. (2007) Assessment of ground improvement work using radioisotope 
cone penetrometers. Ground Improvement, 11 (3): 101–110. 
 235 
 
Silva, S.D. (2005) “Implementation and performance of sone columns at Penny’s Bay 
reclaimation in Hong Kong.” In Ground Improvement: case histories. Elsevier Geo-
engineering book series vol 3. pp 639-664. 
 
Sivakumar, V., McKelvey, J., Graham, J. and Hughes, D. (2004) Triaxial tests on model 
sand columns in clay. Canadian Geotechnical Journal, 41: 299-312. 
 
Socco, L.V. and Strobbia, C. (2004) Surface wave method for near-surface 
characterization: a tutorial. Near Surface Geophysics, 2004, 165-185. 
 
Sondermann, W. and Wehr, J. (2004) “Deep Vibro techniques,” In: Moseley, M.P. and K. 
Kirsch, K. (eds) Ground Improvement, 2nd Edition. Spon Press. pp. 57-92. 
 
Staab, D.A., Edil, T.B. and Alumbaugh, D.L. (2004) “Non-Destructive Evaluation of 
Cement-Mixed Soils”.  In Drilled Shafts, Micropiling, Deep Mixing, Remedial and 
Specialty Foundation Systems, Geotechnical Special Publication No. 124, ASCE. 
Orlando, Florida: Geo-Support 2004. pp. 838-848. 
 
Steeples, D.W., and Miller, R.D. (1990) “Seismic reflection methods applied to 
engineering, environmental, and groundwater problems:” In Ward, S.H. (ed) 
Investigations in Geophysics no. 5, Volume 1: Review and Tutorial. Oklahoma: 
Society of Exploration Geophysicists. pp. 1-30. 
 
Stokoe, K.H., Wright, G.W., III, Bay, J.A., and Roesset, J.M. (1994) “Characterisation of 
geotechnical sites by SASW method.” In Woods, R.D. (ed) Geophysical 
Characterisation of Sites. New York: Oxford Publishers. 
 
Stroud, M.A. (1989) The standard penetration test – its application and interpretation. 
Proc. ICE Conf. on Penetration Testing in the UK, Birmingham. London: Thomas 
Telford. 
 
Sutton, J.A. and Snelling, K. (1998) “Assessment of ground improvement using the 
continuous surface wave method.” In 4th meeting of the environmental and engineering 
geophysical society, Barcelona, 14-17th September 1998. 
 
Tallavo F., Cascante G. and Pandey M. (2009) Experimental and numerical analysis of 
MASW tests for detection of buried timber trestles. Soil Dynamics and Earthquake 
Engineering, 29: 91-102. 
 
Tamura, M., Hibino, S. and Fuji l, M. et al. (2002) “Applicability of resistivity method for 
the quality evaluation of mechanical deep-mixing of soil stabilization method.” In  
Proceedings 4th International Conference on Ground Improvement Techniques, 
Kuala Lumpur, pp. 707-714. 
Tavenas, F., Mieussens, C. and Bourges, F. (1979) Lateral displacements in clay 
foundations under embankments. Canadian Geotechnical Journal, 16(3): 523-550. 
 
 
 236 
Terashi, M. and Juran, I. (2000) “Ground improvement – state of the art.” In An 
International Conference on Geotechnical & Geological Engineering. Melbourne, 
Australia, 19-24 November 2000. 
 
Terzaghi, K., Peck, R.B. and Mesri, G. (1996) Soil Mechanics in Engineering Practice. 
3rd. edition. New York: John Wiley & sons, Inc. 
 
Thevanayagam, S. (1993) Electrical response of two-phase soil: theory and applications. 
Journal Geotechnical Engineering ASCE, 119 (8): 1250-1275. 
 
Thomas, A.M. (2010) Measurement of electromagnetic signal velocities in saturated 
fine-grained soils. PhD thesis, University of Birmingham. 
 
Thomson W.T. (1950) Transmission of elastic waves through a stratified solid medium. 
Journal Applied Physics, 21: 89-93. 
 
Van Impe, W.F. and Madhav, M.R. (1992) Analysis and settlement of dilating stone 
column reinforced soil. Austrian Geotechnical Journal, Feb.-March, Vol. 137: 114-121. 
 
Xia, J., Chen C., Li, P.H. and Lewis, M.J. (2004) Delineation of a collapse feature in a 
noisy environment using a multichannel surface wave technique. Géotechnique, 54(1): 
17-27. 
 
Xia, J., Miller, R.D. , Park, C.B. et al (2002) Comparing shear wave velocity profiles 
inverted from multichannel surface wave with borehole measurements. Soil Dynamics 
and Earthquake Engineering, 22: 181-190.  
 
Xu, C. and Butt, S.D. (2006) Evaluation of MASW techniques to image steeply dipping 
cavities in laterally inhomogeneous terrain. Journal of Applied Geophysics, 59: 106– 
116. 
 
Yuan, D., Nazarian, S., Madhyannapu, R.S., Puppala, A.J. (2008) “Soil velocity profiles 
from in-situ seismic tests at deep-mixing sites.”  In Alshawabkeh, A.N., Reddy, K.R. and 
Khire, M.V. (eds.) GeoCongress 2008: Characterization, Monitoring, and Modeling of 
GeoSystems, New Orleans, Louisiana, 9-12 March 2008: ASCE. pp. 388-395. 
 
Zerwer, A., Polak, M.A. and Santamarina, J.C. (2000) Wave propagation in thin Plexiglas 
plates: implications for Rayleigh waves. NDT&E International, 33(2000): 33-41. 
 
Zerwer, A., Polak, M.A. and Santamarina, J.C. (2002). Effect of surface cracks on rayleigh 
wave propagation: an experimental study. Journal Structural Engineering, 128(2): 240-
248. 
 
Zywicki, D.J. (1999) Advanced signal processing methods applied to engineering 
analysis of seismic surface waves. PhD thesis, Georgia Institute of Technology. 
 
